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ABSTRACT 
Block copolymers have been receiving considerable attention in toughening 
epoxy due to their ability to form a wide variety of nanostructures. This study focuses 
on using both triblock and diblock copolymers to improve the fracture toughness of 
an aromatic-amine cured epoxy system.  The curing system consisted of 1,3-
phenylenediamine (mPDA) as curing agent and aniline as a chain extender. Three 
triblock copolymers and three diblock copolymers were incorporated in the same 
lightly crosslinked model epoxy system, which was chosen to mimic an underfill 
material in flip-chip packaging for the microelectronics industry.  
In this research, rubber particles were formed in situ using self-assembling block 
copolymers. Mechanical, thermal and microscopic studies were conducted with the 
main goal to study the relationship between the block parameters and the final 
morphologies and their effects on static and dynamic mechanical properties of the 
toughened resin, especially fracture toughness.  
In these block-copolymer-modified epoxies, spherical micelles and wormlike 
micelles were obtained by varying block lengths, molecular weight, polarities and 
compositions. It was found that miscibility of the epoxy-miscible block played a 
crucial role in the formation of different types of morphologies. At a low loading 
level, diblock copolymers were able to toughen the model epoxy as effectively as 
triblock copolymers. The fracture toughness was improved to almost three times with 
respect to that of the neat resin with addition of 10 phr AM*-27. At the same time, 
other mechanical properties, such as yield strength and modulus, were well retained. 
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Incorporation of block copolymers did not have a significant effect on glass transition 
temperature but caused an increase in coefficient of thermal expansion (CTE) of the 
modified epoxy. Particle cavitation and matrix void growth were proved to be the 
toughening mechanisms for SBM-Modified epoxies. However, these typical 
toughening mechanisms for rubber toughening were not identified in the AM*27-
modified epoxies by examining the fracture surface and the subsurface damage.  
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1. INTRODUCTION  
1.1 Motivation  
With good adhesion and high strength, epoxies have been the ideal structural 
materials for decades. Unfortunately, the inherent brittleness of epoxy resins greatly 
limits their engineering applications. The incorporation of a second dispersed phase 
was identified as an effective approach to improve the fracture resistance of epoxies 
[1-8]. Studies on rubber-toughened epoxies originated in the 1970s [1, 2] and 
significant progress has been made ever since.  
Block copolymers have recently received great attention in toughening epoxies 
due to their ability to self-assemble and form a wide variety of nanostructures in the 
epoxy matrix. It has been reported that such nanostructures are able to effectively 
improve the fracture toughness of the epoxy systems at a relatively low 
concentrations and without sacrificing other mechanical or thermal properties [9]. 
The amount of improvement in fracture toughness is largely dependent on the type of 
morphologies the block copolymers formed in the epoxy matrix [10]. Moreover, the 
structures of block copolymers can be designed during the process of controlled 
radical polymerization [11]; such synthetic capability enables a better control of the 
resulting morphology. Therefore, it is essential to investigate the phase separation 
mechanisms for self-assembling block copolymers and the effect of the type of 
morphology formed in various epoxy systems in order to further toughen the epoxy 
resins and yield desired properties for a variety of applications.  
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In this study, triblock and diblock copolymers were both used to toughen a 
lightly crosslinked model epoxy system. Three triblocks and three diblocks were 
employed in the current material system to study the effect of different blend 
morphologies on fracture toughness. Blend morphology was controlled by varying 
block length, block polarity, block symmetry and copolymer concentration. The 
resultant thermosets were then characterized with a series of techniques to 
systematically study the blend morphology, structure-property relationship, thermal 
and mechanical behavior of the epoxy thermoset as well as the toughening 
mechanism involved. 
1.2 Application 
Epoxy resins are thermosetting polymers widely used as adhesives and structural 
materials in aerospace, automotive and electronics industries. In this study, model 
epoxy resins are designed specifically to mimic commercial underfill encapsulant 
materials in advanced microelectronic packaging such as flip chip devices. In a flip-
chip device, a die/chip is mounted on a substrate with various interconnection 
materials, as shown in Fig.1 [12]. Capillary underfill epoxy resins are introduced to 
completely fill the gap between the chip and substrate and surround the solder joints.  
 
Figure 1 Cross sections of flip-chip joints without and with underfill material. 
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IBM invented the flip-chip technology (a.k.a. C4 technology) for mainframe 
computer application in the early 1960s. Now flip-chip devices widely used in our 
daily life, such as electronic watches, calculators, cameras and cellular phones.  They 
have the advantage of enhanced electrical performance, compactness and cost-
effectiveness. The major problem with this technology is the mismatch of coefficient 
of thermal expansion (CTE) between the organic board material and the silicon-based 
integrated circuit (IC) chips. CTE mismatches will induce stresses at the interfaces of 
the bump joints when the assembly undergoes thermal cycling as the device is 
powered on and off and may result in mechanical failure of the interconnects. 
Underfill encapsulant materials, which are commonly epoxy resin based, are 
employed to alleviate this problem of CTE mismatch. Once cured, underfill resins 
form rigid thermosets that will compensate for the difference in thermal expansion by 
mechanically bonding the chip and the board [12].  
Therefore, epoxy-based underfill materials play a crucial role in the long-term 
performance of electronic devices. Toughening these underfill materials aids to 
further enhance the reliability of the entire flip-chip package, and subsequently, 
elongate the service time of devices in which they are used. In consideration of this 
practical application, diblocks were specifically investigated in this study due to their 
low processing viscosity.  
1.3 Background 
Epoxy resins were first commercialized in 1946, and have been widely used in a 
variety of applications ever since [13].  As high performance materials with 
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advantageous mechanical properties, high heat resistance and solvent resistance, 
epoxies are commonly used as structural adhesives, matrices of composites and 
electronic encapsulating materials [14]. These outstanding properties originate from 
their crosslinked 3-D network structure. With the epoxy group on the ends, as shown 
in Table 1, epoxy monomers are able to react with a variety of curing agents (a.k.a 
crosslinkers). This versatility makes epoxy resins ideal matrix materials for 
composites and allows formulations of epoxy- curing agent combinations for specific 
needs of properties to meet the market demands. Nonetheless, in terms of structural 
applications, epoxies have a primary drawback of their inherent brittleness and the 
resulting low crack tolerance. Therefore, numerous efforts have been made to 
increase the fracture toughness of epoxy resins. Incorporation of a second phase 
modifier was reported to be one of the most effective routines.  
Over the last 40 years, there has been numerous studies focusing on enhancing 
the toughness of epoxy resins by the addition of a second component such as soft 
elastomers [1-5], rigid thermoplastics [6, 7], or hyperbrached polymers [8]. Among 
these three kinds of fillers/modifiers, rubber particles have been shown to be the most 
effective toughening agents for epoxy resins. The toughening effect comes from 
energy dissipation mechanisms triggered by the second phase particles that 
effectively shield the crack tip.   
Studies on rubber-toughened epoxies were pioneered by McGarry et al. [1]. In 
their research, reactive oligomers such as carboxyl-terminated butadiene acrylonitrile 
(CTBN) were employed to toughen the epoxy. Such modifiers dissolve into the 
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unreacted epoxy and can phase separate while the epoxy cures. The degree of phase 
separation is dependent on the acrylonitrile content of the CTBN and the chemical 
structure of the curing agent. This approached improved the fracture toughness, yet at 
the sacrifice of material strength and thermal properties since it is difficult to achieve 
full phase separation [2, 5, 15]. Particle size was also difficult to control. When a two-
phase system was achieved, the toughening mechanism was found to be rubber-
particle cavitation and concomitant matrix shear banding/yielding [5]. Unfortunately, 
the decrease in strength and thermal properties often limits the use of CTBN-modified 
epoxies in high performance structural applications such as composites or adhesives 
in electric or aerospace industry.  
Inclusion of non-reactive soft second phases, such as core-shell rubber (CSR) 
particles was a significant advancement in rubber-toughened epoxies [16, 17]. The 
advantages for using CSR particles were better control of rubber-particle size and 
complete phase separation.  Note that the addition of CSR particles created a 
suspension so miscibility was not needed in these materials. Problem of this approach 
is particle dispersion. It was so difficult for the highly crosslinked cores to dissolve in 
the epoxy that uniform dispersion of particles was rarely obtained unless extremely 
high shear and high temperature were applied.  
Rigid thermoplastic spheres were first used as toughening materials for epoxy 
resins as early as the 1980s [6]. These thermoplastics such as poly(ether sulfone)s, 
poly(ether ketone)s and poly(ether imide)s usually have higher modulus compared to 
rubber materials. Therefore, the overall mechanical properties of the blends were 
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better maintained with addition of thermoplastic fillers. In comparison with rubber 
modifiers, tough thermoplastic polymers are oftentimes more effective in improving 
fracture toughness of epoxy systems with higher crosslink density. The fracture 
toughness improved was proportional to the amount of thermoplastic added [7], 
resulting in a need of a high fraction of modifiers to obtain satisfactory toughening 
effect. However, the viscosity of the epoxy resins modified with high fractions of the 
engineering thermoplastic polymer drastically increases, which causes difficulty in 
handling and processing.  
Besides the intrinsic brittleness, there are still other concerns when epoxies are 
specifically used as encapsulation materials for microelectronic packaging. The 
shrinkage during epoxy curing usually generates internal stress or micro-cracks and 
results in a loss of mechanical properties and creation of voids and wrapping [8]. 
Furthermore, processibility such as the processing viscosity is another major concern 
in manufacture. In aforementioned toughening approaches, addition of those classical 
chain entangled polymers often causes an increase in viscosity in the overall epoxy-
modifier mixture [8]. Recently, hyperbranched polymers (HBPs) were investigated as 
a new class of reactive rubber modifiers for epoxy toughening and modification with 
advantages of the unique properties such as low viscosity, high solubility and high 
degree of functionality [8]. The branched structures lead to much less chain 
entanglements and endow HBPs with much lower viscosity and a high density of 
surface functional groups. With these functional groups, HBPs are not only able to 
covalently bond with the epoxy matrix to reduce the curing shrinkage, but also to 
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form strong adhesion with additional nano-particles in the matrix system.  
Block copolymer modifiers were designed and involved in toughening epoxy in 
order to overcome the deficiencies of modifiers mentioned above. They are mostly 
linear homopolymers or random copolymers. Upon cure, these fillers undergo phase 
separation and form a variety of fine heterogeneous morphologies in the epoxy matrix 
[10]. These morphologies were closely related to the mechanical properties of the 
resulting epoxy thermosets. Recent studies showed that nanostructures were able to 
further improve the mechanical properties of the multi-phase thermosets by 
optimizing the matrix-modifier interactions [9]. Continuous progress has been made 
thereafter in investigating the toughening mechanism of block copolymers in order to 
understand the relationship between morphologies and the properties yielded.  
1.3.1 Model Epoxy System 
Among all the studies relating to rubber toughening epoxies, it was found that 
not all epoxies could be toughened. In other words, the nature of the matrix, 
especially the structure of the cured epoxy, plays a major role in determining the 
“toughenablity” of the epoxy resins [18-22].  
Studies on this issue originated from Meeks et al. [18] claiming that highly 
crosslinked epoxies with relatively high glass transition temperatures were not 
toughenable with addition of rubber-based modifiers. This statement was based on the 
belief that, upon fracture, stresses in materials were mostly released by matrix 
deformation, which requires the matrix to be ductile. Effect of matrix ductility on 
toughenablity was then studied by a series of work on varying crosslink densities by 
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changing curing schedules [19], monomer molecular weights of epoxies [14, 20] and 
epoxy-curing agent ratio [21]. Addition of modifiers was aimed to enhance the matrix 
ductility; however, when the epoxy matrix is highly cross-linked, it became rigid, 
resulting in too limited main chain mobility for the modifiers to achieve the 
toughening effect.  
Table 1 below shows the chemical structures of components in the model epoxy 
system in this study. In this material system, DGEBA, a di-functional epoxy resin, 
was cured by an aromatic m-phenylenediamine (mPDA) with incorporation of aniline 
as the chain extender to decrease the crosslink density.  
Table 1 Chemical Structures of Components in Model Epoxy System. 
 
1.3.2 Toughening Epoxy with Nano-Sized Block Copolymers  
Rapid development of rubber modifiers has been witnessed from conventional 
butadiene based copolymers, such as carboxyl terminated butadiene-acrylonitrile 
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copolymers (CTBN), to structured core-shell latex particles. Accordingly, sizes of the 
rubber particles produced by these modifiers have decreased from 1-5 µm (CTBN) to 
0.2-0.4 µm (Latex particles) [23].  
In 1997, Hillmyer et al. [24] first reported amphiphilic block copolymers self-
assembling into nano-phases in thermosets. Since then, block copolymers have 
received considerable attention in toughening epoxy [25-44] due to their ability to 
self-assemble into nano-sized particles with a wide variety of morphologies. 
Block copolymers used to toughen epoxy resins are mostly linear homopolymers 
or random copolymers with at least two blocks. Usually, at least one block is miscible 
with the epoxy matrix and another immiscible. Both triblock and diblock copolymers 
were studied for epoxy toughening and it was shown that they self-assembled into 
various fine heterogeneous structures at the nano-meter scale, as shown in Fig. 2 
below [25, 26].  
 
a. Spherical micelles                b. Wormlike micelles              c. Vesicles                           
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                                                                                                             200nm 
Figure 2 Schematic and TEM images of self-assembling structures of block 
copolymers in epoxy matrices: 
a. spherical micelles; b. wormlike micelles; c. vesicles.  
A series of studies showed that the improvement in mechanical properties was 
largely dependent on the morphologies of the block copolymers formed in the epoxy 
matrix. Morphologies of block copolymers attained were closely related to the nature 
of block copolymers such as the composition of blocks, block length, and block 
polarity, as well as other factors including matrix crosslink density, curing agent and 
curing conditions [27, 28]. Structures of block copolymer modifiers can be designed 
during the process of controlled radical polymerization [11]. This makes property 
design possible by structure design of block copolymers on the basis of an in-depth 
knowledge of formation mechanism and toughening mechanism of various 
nanostructures.  
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1.3.2.1 Formation mechanism and factors affecting morphologies 
Block copolymers can yield various structures due to competition between chain 
connectivity and block immiscibility. In bulk state, structures of AB diblocks are 
governed by block composition and interaction parameters between blocks. This 
competition also applies to each pair of two blocks in the bulk ABC triblocks and 
makes it complicated to predict the morphology [29, 30].  When dissolved in non-
reactive solutions, block copolymers undergo either micellization or gelation. In the 
range of semi-dilute to high concentration of block copolymer solutions, block 
copolymers mostly take the gelation path and yield ordered micelles. On the other 
hand, micellization occurs in dilute solutions with the solvent distinctly favoring one 
block over the other in terms of dissolubility. Spherical micelles, wormlike micelles 
and vesicles are commonly generated during the process of micellization. During the 
process, the soluble block will be oriented towards the solvent and form the shell of 
the micelles and the insoluble block will be expelled to form the core [31]. To some 
extent, the formation of nanostructures in epoxy matrix resembles this behavior with 
epoxy resins acting as the selective solvent. These self-assembled structures are then 
fixed in the thermosets upon curing, which is called as in situ polymerization [24]. 
This self-assembly approach is based on the prerequisite that nanostructured are 
formed prior to curing. During the curing process of curing, these preformed 
structures are almost stable and locked in the matrix network. Recently, Meng et al. 
[32, 33] proposed that a so-called reaction-induced microphase separation (RIMS) 
process was also involved in the formation of nanostructures in the epoxy thermosets. 
Compared to the aforementioned self-assembling behavior of amphiphilic block 
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copolymers in epoxy resins, the mechanism was different because it took the 
following conditions into consideration: (i) in many cases, all the blocks are miscible 
with the epoxy “solvent”; (ii) it is not guaranteed that nanostructures formed at lower 
temperature stay the same at elevated curing temperature.  
Different morphologies are yielded as a result of competition between the 
miscibility of block with the resin and the hindrance from kinetic effects when phase 
separation occurs. Therefore, in order to have better control of morphologies of block 
copolymers, it is essential to understand the thermodynamic and kinetic factors.  
According to all previous studies on toughening epoxies with block copolymers, 
it can be concluded that there are only a limited number of homopolymers miscible 
with bisphenol A-type epoxy resins, such as poly(methyl methacrylate) (PMMA) 
[23], poly(ethylene oxide) (PEO) [7] and poly(ε-carprolactone) (PCL) [32, 33].This is 
useful for designing and selecting block architectures to achieve various 
nanostructures. It is noteworthy that miscibility of a polymer with epoxy is also 
largely dependent on the curing agent [34] and curing conditions and this should be 
considered for toughening a specific epoxy system. 
H. Huckstadt et al. [35] investigated the morphologies of asymmetric linear ABC 
triblock copolymers. It was reported that similar repulsive interactions between the 
middle block and the two end blocks often led block copolymers to form lamellae; 
however, when these interactions were very dissimilar and blocks were incompatible with 
each other, the propensity was to yield core-shell morphologies in the system.  
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Ritzenthaler et al. [29, 37] also investigated morphologies of a triblock copolymer 
polystyrene-b-polybutadiene-b-poly(methyl methacrylate) (SBM) in an epoxy system 
cured by two types of curing agents. It was identified that self-assembling of SBM 
occurred in the epoxy matrix prior to curing reaction. By changing the block composition 
and concentration with a diblock impurity, they obtained a variety of morphologies, such 
as “core-shell” and  “spheres on spheres”. A schematic of formation of “spheres on 
spheres” structure was shown in Fig. 3 [29]. They claimed that morphology was also 
strongly dependent on processing technique used. 
 
Figure 3 Schematic description of the evolution of the triblock organization in 
the DGEBA-MCDEA thermoset system before and after reaction. [29] 
Recently, Kishi et al. [38] studied the stability of nanostructures of epoxy/acrylic 
triblock copolymer blends with a system of DGEBA epoxy resin and PMMA-b-
PnBA-b-PMMA triblock copolymers (acrylic BCPs) with several compositions on 
the ratio of the block chains and the molecular weight. It was found that 
nanostructures were formed via the self-assembly mechanism and were controlled by 
the molecular weight and the ratio of the immiscible PnBA block. Shown in Fig. 4 is 
a phase diagram derived from their work to describe the phase separation behavior. 
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Figure 4 The phase diagram of the DGEBA/acrylic-BCP blends cured with 
phenol novolac (catalyzed by tri phenyl phosphine) 
In different systems and under various curing conditions, morphologies formed 
upon curing are those structures with the minimum interfacial energy, in other words, 
with the minimum interfacial curvature [3]. Based on this principle, it was found that 
wormlike micelles were commonly formed in a poor solvent environment [39]. 
Spherical micelles presented when the epoxy-phobic block was much larger than the 
epoxy-philic block in size because of promoted interaction between the blocks [39]. 
Vesicles were mostly formed by asymmetric block copolymers with the shorter block 
being epoxy-philic [28, 35]. It was also shown in studies that with volume fraction of the 
epoxy-philic block decreasing, the morphologies formed evolved from spherical to 
wormlike micelles and finally vesicles [26].  
In the epoxy thermosets, it is required that the matrix-miscible block yielding 
domains large enough for effective toughening. It has been found that the thermoset-
miscible block did not remain fully compatiblized with the resin during the whole curing 
process [24, 29]. This was interpreted as a transition from equilibrium morphology to a 
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chemically pinned metastable as curing proceeded through the gel point [24, 29]. This 
issue was studied by S. Ritzenthaler et al. [30] with employment of reactive groups. More 
recently, F. Yi et al. [36] investigated the demixing behavior of reactive blocks during 
formation of the nanostructures and confirmed the proposed mechanism from the 
dramatic change in the glass transition temperature of the nanostructured thermosets. 
In the present study, block copolymer nanostructures were formed with in situ 
polymerization. With the same material system and curing schedule, this study 
focuses on morphologies yielded by different block length and block composition.  
1.3.2.2 Toughening mechanisms of block copolymer modifiers 
With “epoxy-philic” and “epoxy-phobic” blocks incorporating into the epoxy 
matrix, phase separation of block copolymers occurs upon curing and yields various 
morphologies. These nanostructures were reported to improve the fracture toughness of 
epoxy resins significantly. However, the actual mechanism of this toughening is still 
under debate, mainly between whether it is the modifier or the matrix absorbs the most 
energy. Studies show that mechanisms for epoxies toughened by block copolymers are 
similar to those for conventional rubber-toughened epoxy, which are plastic zone size 
increase, particle bridging, and particle cavitation along with matrix shear yielding [15, 
19, 20]. Fig. 5 lists a series of toughening mechanisms proposed so far with their 
toughening effects as well as microscopic images as examples [40].  
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Figure 5 Toughening mechanisms, effects and example images. [40] 
Wu et al. [41] toughened epoxies with an array of PBO-PEO diblock copolymers 
with increasing PEO block size. These modifiers formed morphologies of spherical 
micelles, wormlike micelles and vesicles. Based on examination of microscopic pictures, 
they proposed schematics interpreting the fracture processes associated with epoxies 
toughened by the different morphologies yielded, as shown in Table 2 below. This 
promotes understanding of the behavior of the formed nanostructures upon fracture in 
terms of toughening mechanisms.  
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SEM images of fracture surface of vesicles-toughened epoxy provided evidence 
of a toughening mechanism of particle debonding. Meanwhile, fracture surfaces of 
epoxy thermosets with spherical and wormlike micelles exhibited much finer surface 
texture [41] but different topography. Stress whitening zone was visible and a more 
uniform distribution of modifiers was achieved in systems with wormlike micelles, 
resulting in a different manner of fracture. Difference in toughening effect, yet 
similarity in particle size (both around 20 nm), also indicated different toughening 
mechanisms involved between wormlike and spherical micelles. Based on 
morphologies from TEM images, they believed that optimal toughening effect of 
wormlike micelles came from crack deflection. 
Particle cavitation and induced matrix shear yielding are widely accepted as the 
effective toughening mechanism for rubber-toughened epoxies [16, 17, 19]. It was 
reported in several studies that this mechanism also applied to epoxies toughened 
with block copolymers [23, 42, 43, 44]. Lazzeri and Bucknall [45] developed a model 
for rubber toughening based on energy balance calculations and proposed with 
assumptions a criterion for rubber particles to cavitate. Later, studies showed that 20 
µm – 0.2 µm is the range for particles to cavitate and provide effective toughening 
[23]. Block copolymer nanostructures are reported capable to toughen epoxy with a 
smaller size in an order of tens of nanometers. However, whether there is also a range 
or a lower limit of particle size of block copolymer structures in order to toughen 
epoxy with effective cavitation mechanism is still unknown and needs to be further 
investigated. 
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Table 2 Schematics of proposed fracture process associated with the epoxies 
modified by spherical micelles, wormlike micelles and vesicles. 
(Reproduced from work by Wu et al. [41])
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In a recent study by Liu et al. [42], PEO-PEE diblocks were incorporated in 
DGEBA-type epoxy matrix and yielded well-dispersed wormlike micelles with a 
diameter of 10-15 nm. These nanostructured were reported to have effectively 
enhanced the fracture toughness by 100% at loading level of 5%. The toughening 
effect was attributed to a combination of toughening mechanisms including crack tip 
blunting, cavitation, debonding, linear shear yielding and crack bridging. Primary 
toughening mechanism was unclear due to the difficulty of quantifying the 
contribution of each mechanism.  
In the present study, fractographic ,methods were used to investigate toughening 
mechanisms. SEM, TEM and TOM techniques were used to examine fracture surface, 
undeformed morphologies of block copolymer modifiers and subsurface damage.  
Toughening mechanisms of both triblock and diblock modifiers were then studied 
and discussed for this specific model epoxy system.  
1.3.2.3 Structure-property relationship 
 Based on all the understanding of block copolymers and their phase behaviors in 
the epoxy matrix, the main focus is to improve the fracture toughness of epoxy 
thermosets while maintain the thermal and other mechanical properties through 
tailoring the ultimate morphology. It was found that, generally, incorporation of 
amphiphilic diblock and triblock copolymers into epoxy matrix could significantly 
improve the toughness of the epoxy polymer with minor reduction in modulus and glass 
transition temperature.  
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Dean [26] et al. used diblock copolymers with different molecular weights and 
concentrations to toughen a highly crosslinked epoxy system and obtained morphologies 
of vesicular, spherical and wormlike micelles. They found that epoxy thermosets were 
best toughened by vesicles, which have a larger particle size of about 600 nm diameter 
compared to 12-60 nm of spheres. It was noteworthy that the epoxy system they studied 
was highly crosslinked, which might explain why only small-size spheres were attained. 
They attributed the toughening mechanisms to be debonding and the subsequent void 
growth as well as matrix plastic deformation.  
As reported in the work by Jia Liu et al. [40], they were able to increase the 
fracture toughness of the DGEBA epoxy matrix by 180% with addition of nano-sized 
PEO-PEP block copolymers without sacrificing other mechanical properties. The 
morphology of block copolymers was observed to be spherical micelles with a 
diameter of 15 nm. Particle cavitation and induced matrix shear banding are claimed 
to be the toughening mechanisms.  
Chen et al. [9] toughened an anhydride-cured DGEBA epoxy system with three 
acrylic-based symmetric triblock copolymers, M52, M52N and M22N. M22N formed 
wormlike micelles while morphology of M52 and M52N evolved from spherical 
micelles to wormlike micelles with increased concentration of modifiers. It was found 
that fracture toughness was more largely improved by wormlike micelles. However, 
toughening mechanisms behind varied from shear banding for M22N to particle 
cavitation and structure bridging for M52 and M52N. Meanwhile, the elastic odulus 
and yield strength decreased with addition of all three block copolymers due to the 
relative softness of the rubber modifiers.  
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Based on previous studies on epoxies toughened by both diblock and triblocks, it 
was summarized that vesicles and worm-like micelles seemed to be more effective 
morphologies in toughening epoxy resins compared to spherical micelles [9, 14, 23, 26]. 
Besides the effect of difference in sizes, various morphologies also indicated or were 
related to the effective toughening mechanism present in the system [9]. Ultimately, the 
modifier effectiveness is measured by their ability to promote epoxy thermosets to 
plastically deform.  
In this study, within the same model epoxy system, different morphologies were 
obtained and then compared by changing the block copolymer composition and 
concentration, as well as block length, reactivity and symmetry. Mechanical and 
thermal properties were then investigated to better understand the toughening 
behavior of these block copolymer nanostructures. 
1.4 Objective 
Three acrylate-based triblock and three diblock copolymers were incorporated in 
a model epoxy system with the primary aim to improve the fracture toughness of the 
epoxy thermosets with different nanostructured morphologies. The formation 
mechanisms of different morphologies and their effects on mechanical and thermal 
properties of the modified epoxy was also of interest. A series of mechanical, thermal 
and microscopy techniques were used to investigate the toughening effect and 
toughening mechanism of triblock and diblock copolymer-modified epoxies. With 
comparison between triblock and diblocks, efforts were dedicated to find the optimal 
modifier and concentration in this model system with minimum impact on viscosity. 
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2. EXPERIMENTAL 
2.1 Materials 
2.1.1 Formulations  
The model system in this study is a lightly cross-linked epoxy system based on a 
diglycidyl ether of bisphenol A (DGEBA) epoxy with an epoxy equivalent weight of 
187 g/eq, provided by Dow Chemical, Co. with the designation D.E.R. (Dow Epoxy 
Resin) 331. The curing system employed consisted of 1,3-phenylenediamine (mPDA) 
as the curing agent and aniline (both from Acros Organics) as the chain extender. All 
materials in this study were used as received and were commercially available.  
The neat resin was made and characterized as a control in this study on the effect 
of block copolymer addition on the physical and mechanical properties of a lightly 
crosslinked epoxy. The control consisted of epoxy resin, curing agent and chain 
extender as mentioned above, with no addition of any modifiers. The mole ratio of 
mPDA, aniline and epoxy in the neat resin system was 1:2:4. Below is an example 
showing calculation of the formulation of a neat resin system as well as a specific 20 
phr (parts per hundred resin) SBM system.  
                      Equation 2.1 
                     Equation 2.2 
mmPDA
MmPDA
: mAnilineMAniline
: mEpoxyMEpoxy
= 1:2 : 4
mmPDA
110 :
mAniline
94 :
100
374 = 1:2 : 4
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As shown as Equation 2.1 and 2.2, where m is the mass of the material in grams 
and M is the molecular weight in g/mol, for every 100g epoxy in the neat resin, 7.353 
g mPDA and 12.567 g aniline are needed according to the mole ratio. To make the 20 
phr SBM system based on this, 20 g SBM modifier are needed additionally. The 
following Table 3 is an illustration of the formulations of each epoxy system in this 
study.  
Table 3 Formulations of Epoxy systems studied. 
System Modifier 
Modifier 
content (phr) 
Modifier 
Content (g) 
Epoxy 
(g) 
mPDA 
(g) 
Aniline 
(g) 
Neat Resin － － － 400 29.41 50.27 
Triblock 
copolymer-
modified 
epoxy 
SBM 
5 18 
360 26.47 45.24 
10 36 
15 54 
20 72 
MAM 10 36 
MAM* 10 36 
Diblcok 
copolymer-
modified 
epoxy 
AM*-27 
2.5 9 
360 26.47 45.24 
5 18 
7.5 27 
10 36 
AM*-30 2.5 9 
AM*-50 2.5 9 
 
2.1.2 Modifiers 
Based on the neat resin system, modifiers were added and their effects were 
studied. In this study, epoxies were modified with three triblock and three diblock 
copolymers. Information about all the block copolymer modifiers utilized is listed in 
Table 4.  
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SBM is a commercial ABC-type triblock copolymer consisting of three different 
blocks of polystyrene (PS) and polymethylmethacrylate (PMMA) on the ends and 
polybutadiene in the middle as the rubbery block. All the other copolymers utilized 
have a polybutylacrylate (PBA) rubbery block. MAM and MAM* are the other two 
commercial ABA-type triblock copolymers with symmetric and similar structures. 
Compared to MAM, the PMMA blocks on both ends of MAM* are functionalized by 
dimethylacrylamide (DMA) to increase polarity as well as miscibility within the 
epoxy resin [47]. 
Table 4 Description and concentration of the block copolymer modifiers. 
Classification Designation  Block Description  
Concentrations studied 
(phr) 
Triblock  
SBM PS-b-PB-b-PMMA 5; 10; 15; 20 
MAM PMMA-b-PBA-b-PMMA 10 
MAM* DMA-co-PMMA-b-PBA-b-PMMA-co-DMA 10 
Diblock 
AM*-27 DMA-co-PMMA-b-PBA 2.5; 5; 7.5; 10 
AM*-30 DMA-co-PMA-b-PBA 2.5 
AM*-50 DMA-co-PMA-b-PBA  2.5 
AM*-27 diblocks resemble one part of MAM* if split into two at some point of 
the butyl acrylate block. AM*-30 and AM*-50 have the same block components but 
vary in the ratio of hard miscible block to soft rubber block, which is 1:2 and 1:4, 
respectively. Compared to the PMMA block in AM*-27, the functionalized PMA 
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block has a lower Tg, lower molecular weight, higher polarity and a subsequent low 
viscosity. A schematic of structures was shown in Fig. 6 for further clarification. 
 
Figure 6 Schematic of the structures of MAM, MAM* and AM*. 
2.2 Processing  
All the block copolymer modifiers were provided by Arkema Inc. in dry powder 
or micro granule forms. Therefore, a masterbatch method was used to achieve a better 
dispersion of the modifiers. The granules and powders were first dissolved in the 
epoxy to a relatively higher concentration to form the masterbatch, and then diluted 
into the desired concentrations by adding epoxy. A detailed mixing and curing 
schedule was shown in Table 5 as below.  
For each change in temperature, enough time was given to ensure complete heat 
transfer. Materials were heated in a silicon oil bath for the same purpose. The post-
cure procedure at elevated temperature is employed mainly to make sure the 
completion of polymerization and crosslinking. The sample was molded into a plague 
after cooling down to room temperature and then machined into desired geometry for 
various characterizations to follow. 
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Table 5 Mixing and curing schedule. 
Procedure Action Temperature (˚C)  Durance  Vacuum  
Making master 
batch 
Mechanically mix powders 
and epoxy 
80 2h No 
Keep mixing at elevated 
temperature 
140 2h Yes 
 Making 
sample 
Mechanically mix master 
batch and additional epoxy 
80 2h No 
Keep mixing at elevated 
temperature 
140 2h Yes 
Add curing system and 
keep mixing 
80 5m No 
Keep mixing 80 10m Yes 
Curing and 
post-cure 
Pour sample into preheated 
mold and put into the oven 
50 12h No 
Keep mold and sample in 
the oven and increase 
temperature  
130 3h No 
2.3 Characterization  
2.3.1 Morphology    
To examine the particle morphology present in the epoxy matrix, materials were 
characterized with both Atomic force microscope (AFM) and transmission electron 
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microscope (TEM). Samples for AFM tests were sent to Arkema Inc. for 
microtoming and imaging. Both height and phase data were collected.  
TEM specimen preparation and imaging were conducted in University of 
Massachusetts Medical School. Samples were microtomed into 50 nm and 100 nm 
thicknesses and stained with Osmium tetroxide (OsO4) and Ruthenium tetroxide (RuO4) 
as needed to observe the overall morphology of the blends.  
2.3.2 Fracture toughness  
Effectiveness of incorporating block copolymer modifiers to toughen the model 
epoxy was evaluated by measuring fracture toughness, which is a measure of the 
material’s resistance to failure. It’s usually measured as either the critical stress intensity 
factor of the energy required for the sample to fail under a specific loading condition. In 
this study, the plane-strain critical stress intensity factor KIC was used to determine the 
fracture of the cured materials.  
A single edge-notched three-point-bending (SEN-3PB) method was used to 
measure plane-strain fracture toughness, KIC, according to ASTM D-5045 [48]. The 
plaque of sample was machined into rectangular specimen bars with the dimension of 
75.6 mm x 12.7 mm x 6.0 mm. Specimens were then notched with a jeweler’s saw 
manually. A sharp pre-crack was induced by tapping a liquid nitrogen-dipped razor 
blade into the notch to the middle point along the width of the specimen, as shown in 
Fig. 7. These pre-cracked SEN specimens were then tested under a 500 N load cell on a 
screw-driven universal testing machine, Instron 5567, with a crosshead speed of 1 
mm/min in compression mode and a constant span of 50.8 mm.  
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Fig. 8 shows the schematic of the 3PB test  (on the left) as well as the fracture surface 
of the post-test specimens (on the right). The length of crack, a, was an average of a1, 
a2 and a3. The fracture toughness value was calculated according to Equation 2.3. For 
each concentration, an average was taken from 5 valid data points satisfying 
additional criteria in the ASTM standard.  
 
Figure 7 Schematic of the geometries of a pre-cracked 3PB specimen. 
B: thickness, W: width, a: the crack length.  
         
Figure 8 Schematic of the 3PB test (left) and fracutre surface of a post-fracture 
specimen (right). 
 
 
                              Equation 2.3 
Where S is span, P is the value of force at fracture, f(a/W) is the nondimensional 
shape factor. 
KIC =
PSf (a /W )
BW 3/2
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2.3.3 Compressive yield strength 
Yield strength, σy, was measured in compression mode on Instron 5567, a screw-
driven universal testing machine, according to ASTM D790 [49]. Samples were 
machined into rectangular geometries of 6 mm x 6 mm x 12 mm and then placed 
between two parallel pieces of polished steel with the square cross-sectional area 
exposed to the steel surface, as shown in Fig. 9. Tests were carried out with a crosshead 
speed of 1 mm/min under a 30 kN load cell. The yield stress was taken as the maximum 
stress value of the stress-strain curve. An average of at least 5 tested samples was 
reported for each concentration. Note that no additional lubrication was used for the 
testing fixture. In consideration of barreling effects, a pair of comparison test was 
conducted on one group of 7 samples. Comparable results show that barreling effects are 
negligible if there is any.  
 
Figure 9 Schematic of the compression tests on Instron. 
2.3.4 Dynamic mechanical analysis (DMA) 
An ARES (Advanced rheological expansion system) Rheometer from TA 
Instruments was used to conduct the dynamic temperature step. Samples were 
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machined into a rectangular geometry of 12.5 mm x 50 mm x 3 mm for torsion tests. 
Test conditions were set with a max strain rate of 0.02%, frequency of 1 Hz and 
temperature range from 25 ˚C to 150 ˚C with a heating rate of 5 ˚C per 5 min. The shear 
storage and loss modulus, as well as tan δ, were measured and plotted as a function of 
temperature.  
2.3.5 Glass transition temperature  
The glass transition temperature (Tg) was determined using a differential scanning 
calorimeter (DSC) from TA Instruments Q2000. 5-10 mg of each sample was sealed in 
Tzero™ hermetical aluminum pans. An empty pan was set as the reference for 
comparison. Both pans underwent two cycles of heating and cooling. Purpose of the first 
cycle is to eliminate the thermal history. The experiment was performed within a 
temperature range of 25 °C -175 °C at a ramp rate of 10 °C/min under nitrogen 
atmosphere. Data was collected from the second cycle and analyzed with TA Universal 
Analysis software. Tg was determined by the midpoint method with an average of two 
samples for each concentration.  
2.3.6 Coefficient of thermal expansion  
Designed as commercial underfill resins, it is important to study the linear coefficient 
of thermal expansion (CTE) of the modified materials by Thermal-Mechanical Analyzer 
(TMA). The instrument used was TA Instruments TMA 2940. Throughout the heating 
and cooling cycles, change in dimension was measured with a macro-expansion probe 
and plotted vs. temperature. CTE was measured as the linear slope of the plot within 
±50 ˚C of the glass transition temperature.  
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Samples were machined into cube with each edge length of 5mm. According to 
ASTM E831 [50], samples were further polished to make sure each edge length was 
within ±25 µm of 5 mm and the opposite faces were parallel to each other. In the 
chamber of nitrogen atmosphere, the sample underwent 2 thermal cycles within a 
temperature range between 25 ˚C and 200 ˚C. To ensure thermal equilibrium between 
sample and chamber at every temperature step, samples were heated with a heating 
rate of 1 ˚C/min. Similar to DSC tests, the first heating cycle was performed in order 
to get rid of the thermal history and residual stress and data was collected from the 
second cycle. Since polymers exhibit different expansion behaviors before and after 
the glass transition temperature, CTE in both glassy and rubbery states were 
measured. Due to this, change in the slope can be used to determine the glass 
transition temperature as to confirm the Tg result from the DSC test. 
2.3.7 Fractography  
Fracture surfaces, as shown in Fig. 8 on the right, were examined by scanning 
electron microscope (SEM). A Hitachi 4300 low voltage SEM was used to look at the 
stress whitening zone and the fast fracture surface. The SEM was set constantly with 
gun brightness at 1 and aperture at 3, as well as various accelerating voltages for best 
resolution. Fracture surfaces were sputter coated by Iridium to prevent charging and 
damage.  Topography of the fracture was then examined to investigate the fracture 
behavior and the particles and determine the toughening mechanisms present.  
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2.3.8 Subsurface Damage  
Transmission Optical Microscope (TOM) was used to examine the subsurface 
damage. Instrument used in this study is an Olympus BH-2 light optical microscope. 
Fractured specimens were cut 1 cm below the fracture surface and then mounted into 
a clear mounting epoxy mold. After grinding and polishing along the thickness 
dimension, a section of the sample material with thickness of approximately 100 µm 
was glued on the petrographic slide as shown below in Fig. 10. Images were taken 
under both bright field and crossed polar modes to examine particle cavitation and 
shear banding, respectively.  
 
Figure 10 Schematic of the thin section of sample on petrographic slide. 
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3. RESULTS AND DISCUSSION 
3.1 Morphology 
The blend morphologies of the modified epoxies were examined using both 
Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM). 
Fig. 11 contains images that illustrate the morphologies of SBM-toughened epoxies. 
The polybutadiene phase was stained with OsO4 and appeared as dark regions in the 
images. With much less absorption of OsO4, the epoxy matrix, the PS block and the 
PMMA block appeared white and are indistinguishable from each other. A relatively 
uniform spherical morphology was observed in epoxy thermosets with 5, 10 and 15 
phr SBM. Particles were well dispersed without visible agglomeration. However, the 
20 phr SBM-modifird epoxy exhibited a tendancy to form wormlike micelles. There 
is also a slight increase in the diameter of the SBM micelles, as shown in Table 6. 
 While the MAM and MAM* have similar block composition and molecular 
weight, the MAM* has a small amount Dimethylacrylamide (DMA) monomer added 
to the poly(methyl methacrylate) block to increase miscibility with the epoxy resin. 
The result is that MAM*-modified epoxies exhibited a spherical morphology 
compared to the wormlike micelle morphology of the MAM-modified epoxies, as 
shown in Fig. 12. A shematic of MAM self-assembling into nano-size micelles is 
shown in Fig. 13 [51].  
In summary, the SBM series and the MAM/MAM* series revealed two 
important influences on blend morphology. The SBM series revealed that, blend 
morphology was influenced by concentration of block copolymer concentration for 
this epoxy system. A previous study using  SBM to modify a piperidine-cured epoxy 
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exhibited a spherical nanoparticle morphology up to 25 phr SBM. A comparison 
between MAM and MAM* shows that the polarity of the miscible block can also 
affect the morpholgy.  
 
Figure 11 TEM micrographs of fully cured epoxy-SBM blends with increasing 
concentration of SBM.
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Figure 12 AFM phase images for epoxies toughened by MAM (left) and MAM* 
(right) at the same loading level. 
 
Figure 13 Schematic of MAM forming spherical micelles in epoxy matrix upon 
curing. Note that the blend morphology is dependent on the type of epoxy resin. 
In the work by S. Maiez-Tribut et al. [47], the PMMA block was functionalized 
with different amount of DMA. The miscibility of the yielded random copolymer was 
largely enhanced due to the strong specific interactions between DMA and the epoxy 
matrix combined with the repulsion between DMA and MMA units. On the other 
hand, the immiscible PBA block has an opposite effect on the miscibility of the 
epoxy-phillic block. A larger fraction of PBA in the block copolymer decreased the 
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miscibility of the random block, because of the increased immiscible PBA domains 
size. This will confine more miscible chains of the random block in limited space, 
resulting in a decrease in the entropic contribution. Besides, the solvent-chain 
interactions will be replaced by chain-chain interactions. Both factors will decrease 
the miscibility of the PMMA-co DMA block as the PBA increase in length.  
 
Figure 14 AFM phase images of AM*-27 toughened epoxy with increasing 
concentration of AM*-27. 
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Figure 15 TEM images for epoxies toughened by AM*-30 (left) and AM*-50 
(right) at the same loading level. 
 
Table 6 Particle sizes of block copolymers in modified epoxy thermosets. 
Class Modifier 
Modifier 
content (phr) 
Maximum 
Diameter (nm) 
Average 
diameter (nm) 
Triblock 
copolymers 
SBM 
5 48 25 
10 75 28 
15 67 30 
20 60 38 
MAM 10 38 22 
MAM* 10 40 20 
Diblcok 
copolymers 
AM*-27 
10 38 21 
7.5 - - 
5 - - 
2.5 35 24  
AM*-30 2.5 27 22 
AM*-50 2.5 40 30 
As shown in Fig. 14, AFM revealed that diblock AM*-27 formed well-dispersed 
spherical micelles in the epoxy matrix. With the same loading of 10 phr, diblock 
AM*-27 and triblock MAM* exhibited similar morphology and particle size. The 
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acrylate block in AM*-30 and AM*-50 were stained with Ruthenium tetroxide 
(RuO4) and appeared white in the matrix, as can be seen in Fig. 15. AM*-50, with a 
larger rubber block, formed wormlike micelles, while AM*-30 self-assembled into 
spherical micelles with a smaller particle size.   
3.2 Fracture toughness 
Compared to traditional rubber modifiers, the nano-sized block copolymer are 
capable to toughen the epoxy more effectively, because the interaction between 
modifier and matrix is significantly enhanced due to the presence of the epoxy-
miscible blocks as well as the homogeneous dispersion of the soft phase. Moreover, 
an advantage of toughening via block copolymers also lies in the need of small 
loading levels with respect to traditional micron-size rubber modifiers. 
 
Figure 16 Fracture toughness of triblock-modified epoxies (DGEBA-mPDA-
aniline system). 
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Figure 17 Fracture toughness of diblock-modified epoxies. 
In the present study, fracture toughness was effectively improved with addition 
of both trbiblock and diblock copolymers, as shown in Fig. 16 and Fig. 17. Numerical 
results were given in Table 7. In both cases, the amount of fracture toughness 
improvement is almost a linear function of the content of modifiers added. Addition 
of 20 phr SBM enhanced fracture toughness to 2.86 MPa*cm0.5, which is more than 
four folds relative to neat resin (0.68 MPa*cm0.5). At a loading of 10 phr, triblock 
copolymers outperformed diblock AM*-27 except MAM*. Overall, same amount of 
MAM and SBM exhibit similar toughening effect and so do AM*-27 and AM*-30. 
Epoxies toughened by both AM*-50 and MAM show a morphology of wormlike 
micelles and a higher fracture toughness when compared to their counterparts, AM*-
30 and MAM*, respectively, which formed spherical micelles. The difference 
between the diblock pair could be ascribed to the larger rubbery domain yielded by 
AM*-50 due to a higher rubber content. With the same rubber content within the 
block copolymers themselves, discrepancy in fracture toughness of the triblock pair 
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seemed to result from the high miscibility of the functionalized group in MAM*. 
Note that within the same resin-curing formulation and same curing schedule, 
crosslink density, which is a major factor on fracture toughness, was kept the same 
for all systems.  
Table 7 Mechanical properties of epoxies toughened by triblock and diblock 
copolymers. 
(Highlighted are those systems yielding wormlike micelles.) 
Modifier 
Content 
(phr) 
Fracture Toughness 
(MPa-m0.5) 
Yield Strength 
(MPa) 
Neat 
Resin 
0 0.68 120 
SBM 
5 1.60 116 
10 2.03 110 
15 2.43 104 
20 2.86 101 
MAM 10 2.00 110 
MAM* 10 1.35 116 
AM*-27 
2.5 1.14 119 
5 1.4 115 
7.5 1.57 113 
10 1.84 113 
AM*-30 2.5 1.15 119 
AM*-50 2.5 1.42 117 
3.3 Compressive Yield Strength  
Compressive yield strength results of both triblock and diblock-toughened epoxy 
were shown in Fig. 18 and Fig. 19, respectively. Incorporation of soft rubber phase 
diminished the yield strength as expected. Detailed results can be found in Table 7. It 
was clear that a larger improvement in fracture toughness always came with a larger 
decrease in yield strength. The decrease of yield strength was almost linear with 
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content of modifiers. Similar to the influence of modifiers on fracture toughness, the 
magnitude of decrease was associated with the size of the second phase formed by 
rubber as well as the extent of miscibility of the modifier into the resin.  
 
Figure 18 Compressive yield strength of triblock-toughened epoxies. 
  
Figure 19 Compressive yield strength of diblock-toughened epoxies. 
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3.4 DMA 
 
 
Figure 20 Storage Modulus G’ and tan δ evolution upon temperature for cured 
epoxy-diblock thermosets: four concentrations of SBM (upper); 10 phr of three 
different triblocks (lower). 
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Figure 21 Storage Modulus G’ and tan δ evolution upon temperature for cured 
epoxy-diblock thermosets: four concentrations of AM*-27 (upper); 2.5 phr of 
three different diblocks (lower). 
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Fig. 20 and Fig. 21 show the temperature dependencies of the viscoelastic 
properties of the cured epoxy-modifier thermosets, including storage modulus G’ and 
tan δ. Apart from glass transition temperature, the tan δ peak also provides 
information about the structure of the crosslinked network by its shape. Specifically, 
the height of the tan δ peak  indicates the extent of crosslinking. A lower height 
means a shorter distance between crosslinks, that is, a higher crosslink density [52]. 
Furthermore, Young [53] claimed that the full width at half maximum (FWHM) of 
the peak was related to the modulus of resilience of the thermoset network. Morover, 
a broader peak suggests better fracture toughness and a better ability to prevent crack 
propagation and brittle fracture [53].  
It can be seen from Fig. 20 that addition of triblock copolymers diminished the 
storage modulus of epoxy resin, as expected due to the presence of a soft rubbery 
phase. There is no notable difference on the tan δ peak among all epoxy-tribock 
systems, except a decrease in Tg of 20 phr SBM. In contrast, all the diblock 
copolymers appeared to increase the storage modulus of the epoxy resin, which does 
not make sense. Unfortunately, the ARES was experience problems in phase angle 
detection and this could have contributed to a higher storage modulus, i.e. an artefact 
of the instrument.  Interestingly, tan δ, which is the ratio of the loss modulus over the 
storage modulus, shows a significant reduction in Tg (almost 10˚C). Differential 
Scanning Calorimetry (DSC) was used to verify these results.  See the discussion 
below. 
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3.5 Glass transition temperature (DSC vs. DMA) 
In the block copolymers-modified epoxy systems, the glass transition 
temperature of the yielded thermoset is oftentimes affected by the properties of the 
epoxy-miscible block as well as the overall morphology of the nanostructures [31]. 
During cure, block copolymers phase separate and self assemble into nanostructures 
in the epoxy resin, which typically forms an immiscible domain of epoxy-phobic 
blocks, another immiscible domain of epoxy with phase-separated epoxy-phillic 
block and a miscible domain of epoxy and epoxy-phillic blocks.  Due to the 
molecular interactions between the epoxy and the miscible block, Tg of the epoxy 
thermosets is largely dependent on the miscibility and Tg of the miscible block.  
When mixing formulations at 140-150 ˚C, all of the block copolymer and epoxy 
mixtures were transparent and most formulations became opaque after curing. This 
indicated a degree of miscibility of the modifiers within resin or at least presence of a 
small enough second domain. In the work by Ritzenthaler et al. [34], it was shown 
that PMMA was completely miscible with the epoxy resin before cure and underwent 
some extent of phase separation upon cure. In this study, the miscible blocks are 
PMMA (in SBM and MAM), PMMA-co-DMA (in MAM* and AM*-27) and PMA-
co-DMA (AM*-30 and AM*-50). 
Incorporation of all three triblock copolymers does not affect Tg by a magnitude 
larger than 2 ˚C from DSC results, as can be seen in Fig. 22 and Table 8. This 
suggests that there was no dramatic change in the epoxy matrix structure of triblock-
modified epoxies. There was a slight trend of Tg is decreasing with increasing 
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addition of triblock copolymers. This implies that the PMMA block did not 
completely phase separate but partially remained in the matrix, because Tg of pure 
PMMA is around 105 ˚C, which is lower than the Tg of neat resin. The largest drop in 
Tg happened when 20 phr SBM was added. Note that this drop in Tg is out of the 
decreasing trend and that was also when SBM started forming wormlike micelles 
instead of spheres. At 10 phr loading, the epoxy-MAM* thermosets exhibited a lower 
Tg compared to the epoxy-MAM system. On one hand, the reason might be that the 
functionalized PMMA block has a lower Tg and increased miscibilities. On the other 
hand, this difference might also result from the different morphologies yielded but it 
is inconclusive. The Tg results were also obtained from DMA tests deriving from the 
temperature associated with the peak of tan δ. Tg results from both tests are presented 
numerically in Table 8. Since DMA results were related to temperature with 5°C 
intervals, the trend accords well with results from DSC.  
 
Figure 22 Tg of epoxies toughened by triblocks. 
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Figure 23 Tg of epoxies toughened by diblocks 
Table 8 Tg results from both DSC and DMA tests. 
Modifier Content (phr) Tg from DSC (˚C) Tg from DMA (˚C) 
Neat Resin 0 116 125 
SBM 
5 117 125 
10 118 125 
15 118 125 
20 115 120 
MAM 10 117 125 
MAM* 10 115 125 
AM*-27 
2.5 114 115 
5 115 115 
7.5 114 115 
10 113 115 
AM*-30 2.5 119 120 
AM*-50 2.5 118 120 
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Compared to epoxies toughened by triblocks, Tg was reduced more with addition 
of diblock AM*-27, but still the change was not more than 4 ˚C (as measured by 
DSC), as shown in Fig. 23. Interestingly, the miscible block PMA-co-DMA in AM*-
30 and AM*-50, with a shorter block length, have a Tg lower than PMMA-co-DMA 
in AM*-27, but resulted in a higher Tg from DSC tests. Results from DMA tests also 
showed the same trend. In the work by Dean [26] and Wu [41], where PEO served as 
the miscible block, there was also an increase of Tg. It was speculated that 
incorporation of the miscible block either increased the crosslink density or change in 
localized concentration fluctuation of epoxy and curing agent. It seems that the DMA 
results in this study are in accordance with the explanation of crosslink density 
increase but further evidence is needed to prove this speculation.  
3.6 Coefficient of thermal expansion  
It is known that incorporation of rubber modifiers into epoxy resins will cause an 
increase in CTE. Designed specifically like commercial underfill encapsulant 
materials for advanced microelectronic packaging, this model epoxy system was 
required to maintain a low level of coefficient of thermal expansion to alleviate the 
mismatch between the board and the silicon-based integrated circuit (IC) chips.  
In this study, both α1 (prior to Tg) and α2 (post Tg) linear coefficients of the 
thermal expansion (as listed in Table 3.4) were examined using Thermal-Mechanical 
Analyzer (TMA). It was found that addition of block copolymer modifiers increased 
α1 almost linearly in all systems, which followed the expected trend. With loadings 
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lower than 10 phr, the increment was maintained within 10 ppm/˚C. This is 
acceptable since in manufacture only low loading of modifiers was realistic.  
In the case of α2, CTE data of modified epoxy thermosets were scattered above 
and below CTE of neat resin within a magnitude of 10 ppm/˚C. CTE does not change 
as a function of modifier content due to because the rubbery state of both epoxy and 
modifiers at temperature above Tg. CTE data in Table 9 were then fit in the Rule of 
Mixtures (ROM) model, which is based on the assumption that each phase in the 
matrix expands independently of each other and thus all materials are under iso-stress 
state. In Equation 3.1, αm, αf are CTEs of each component; V is volume fraction and 
αc is the CTE of the composite material. Results of the ROM were plotted with 
colored lines in Fig. 24 and accorded well with the pre-Tg CTE experimental data α1.   
                                  Equation 3.1 
 
Table 9 Pre and post Tg CTE data of epoxy-block copolymer composites. 
Modifier Content (phr) α1 (ppm/˚C) α2 (ppm/˚C) 
Neat resin 0 64.8 208.67 
SBM 
5 68.8 218 
10 70.9 205 
15 79.9 208 
20 78 212 
MAM 10 77.9 201 
MAM* 10 70.8 211 
AM*-27 
2.5 67.9 216 
5 72.2 199 
7.5 72.5 210 
10 78.8 205 
AM*-30 2.5 70.7 199 
AM*-50 2.5 70.8 198 
α c =αmVm +α fVf
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Figure 24 Relationship of pre and post Tg CTE data with modifier content of 
epoxy-block copolymer composites. 
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3.7 Fractography  
  
  
Figure 25 SEM microscopic images showing the fracture surfaces of the stress 
whitening zone of the epoxy-SBM composites. 
Scanning Electron Microscope was utilized to examine the fracture surface of the 
stress-whitened zone of epoxies toughened with four different concentrations of 
SBM, as shown in Fig. 25. Well-dispersed voids on the fracture surface suggest a 
toughening mechanism of particle cavitation and matrix void growth. Besides, it was 
obvious that addition of 20 phr SBM introduced more matrix ductility, which led to 
the better fracture toughness. Fig. 8 is a schematic of the fracture surface of the SEN-
3PB specimen.  
SBM 5 phr 
2 µm 
SBM 10 phr 
2 µm 
2 µm 
SBM 15 phr 
2 µm 
SBM 20 phr 
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Interestingly, close examination of the stress whitening region on the fracture 
surface of AM*-27 toughened epoxy revealed a very different topography, compared 
to that of SBM-epoxy system, as shown in Fig. 26 in the left column. Note that the 
smiley face shaped stressing whitening zone was much smaller with respect to that of 
the epoxy-SBM thermosets. Instead of evident and uniformly distributed voids, a 
nodular structure of several tens of nanometers in size was observed and formed a 
rough surface. In some cases, the nodular structure seems to aggregate with each 
other and form network-like morphology. Small size voids can be visually seen 
among the agglomerated nodules. Increasing amount of AM*-27 resulted in more 
obvious features and a higher extent of aggregation. It is interesting because this 
topography of fracture surface is rarely seen in epoxy-block copolymer system.  
To better understand the toughening mechanism of AM*-27, the fast fracture 
surface was also examined under SEM at a higher magnification. By comparing the 
images in the two columns below, no evident difference can be seen in the 
topography of the two fracture surfaces. This suggests that AM*-27 provided a 
different toughening mechanism, yet effective and comparable toughening effect with 
respect to epoxy modified by same amount of SBM. Particle cavitation exists; 
however, it is not playing a role as crucial as it is in epoxy toughened by SBM and 
most other block copolymers. Therefore, it caused us to wonder what is providing the 
effective toughening and what is the behavior of these AM*-27 diblock copolymers 
in the epoxy matrix.  
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Figure 26 SEM microscopic images showing the fracture surfaces of the stress 
whitening zone (left column) and fast fracture surface (right column) of the 
epoxy-AM*-27 composites. 
A similar nodular topography was also seen in the work by Racich et. al. [54] 
studying the effect of curing agent and matrix chemistry on the morphology of the 
yielded epoxy thermosets. This leads us to suspect that incorporation of AM*-27, 
especially the miscible block, actually changed the matrix structure and ductility and 
thus toughened the matrix. 
3.8 Subsurface Damage 
   
   
Figure 27 TOM images under Bright Field (left) and Crossed Polars (right) of 
epoxies toughened by SBM and AM*-27 at the same loading level. 
SBM 10 phr SBM 10 phr 
AM*-27 10 phr AM*-27 10 phr 
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Transmission optical microscopy was used in this study to evaluate the 
subsurface damage, as shown in Fig. 27. Cross sections of the fractured specimen 
were examined under both bright field (BF) and crossed polars (CP) to obtain 
information about particle cavitation and shear plasticity in the modified epoxies, 
respectively.   
No particle cavitation was visibly seen in either of BF images at the given 
magnification. CP images show evident shear yielding. In both the bright field and 
crossed polars mode, it was deduced that the damage zones of epoxies modified by AM*-
27 were significantly smaller than those of the SBM-modified epoxy (note the difference 
in magnification).  
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4. CONCLUSION 
In the current study, a slightly crosslinked model epoxy system was investigated 
for potential application in microelectronics packaging. The material systems 
consisted of DGEBA epoxy resin cured by mPDA and aniline with addition of nano-
sized triblock and diblock copolymer as modifiers.  It was found that these block 
copolymers self-assembled into nanostructures and yielded spherical and wormlike 
micelles in the thermosetting composites. The morphologies yielded were influenced 
by the miscibility of the rigid block with the epoxy matrix, the miscible/immiscible 
block ratio as well as the size of rubber domain in the composites. Fracture toughness 
was effectively enhanced over a range of modifier content from 2.5 phr to 20 phr. 
Fracture toughness was improved to four times with respect to that of the neat resin 
with addition of 20 phr SBM. Wormlike micelles were found to better improve the 
fracture toughness than spherical micelles. Thermal and mechanical properties 
including glass transition temperature (Tg), coefficient of thermal expansion (CTE), 
compressive yield strength and storage modulus were well maintained. Toughening 
mechanisms account for the fracture toughness enhancement of SBM-toughened 
epoxy involves particle cavitation and void growth as well as induced shear yielding 
of the epoxy matrix, proved by examining the fracture surface and the subsurface 
damage. AM*-27 diblock was also shown to be effective modifiers in toughening this 
model epoxy; however, no toughening mechanism(s) were identified. A unique 
topography was seen on the fracture surface of the SEN-3PB specimen. It is 
speculated that the matrix structure was modified by the functionalized miscible 
block but is not conclusive.  
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5. FUTURE WORK 
1. Determine the toughening mechanisms of AM*-27 in this model epoxy system in 
more detail. Since traditional particle cavitation mechanism does not seem to be 
operating in this system, further efforts should be made to investigate the way that 
hydrostatic stress is relieved and the formation mechanism of shear bands.  
2. Determine the toughening mechanisms of AM*-50 modified epoxy in more 
detail. Wormlike micelles clearly formed in the system. Unfortunately, there was 
not enough material available to study the effectiveness of the wormlike micelles 
at high concentrations. Therefore, more diblock copolymers should be 
synthesized and the toughening effect should be examined at a higher 
concentration.  
3. Determine whether AM*-27 would be effective in toughening highly filled epoxy 
system. Previous work by Amelia Labak showed preliminary results that AM*-27 
might be a promising modifier in toughening highly filled epoxies used for 
underfill resins.  
4. Determine whether the use of hybrid nanoparticles would be more effective to 
toughen epoxy. Recent results in the literature suggest that coating silica 
nanoparticles may be more effective in epoxy toughening. Efforts should be made 
to synthesize this type of hybrid particles and apply them in epoxy toughening.   
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